Cocaine-induced stroke is among the most serious medical complications associated with its abuse. However, the extent to which acute cocaine may induce silent microischemia predisposing the cerebral tissue to neurotoxicity has not been investigated; in part, because of limitations of current neuroimaging tools, that is, lack of high spatiotemporal resolution and sensitivity to simultaneously measure cerebral blood flow (CBF) in vessels of different calibers (including capillaries) quantitatively and over a large field of view. Here we combine ultrahighresolution optical coherence tomography to enable tracker-free three-dimensional (3D) microvascular angiography and a new phase-intensity-mapping algorithm to enhance the sensitivity of 3D optical Doppler tomography for simultaneous capillary CBF quantization. We apply the technique to study the responses of cerebral microvascular networks to single and repeated cocaine administration in the mouse somatosensory cortex. We show that within 2-3 min after cocaine administration CBF markedly decreased (for example, B70%), but the magnitude and recovery differed for the various types of vessels; arterioles had the fastest recovery (B5 min), capillaries varied drastically (from 4-20 min) and venules showed relatively slower recovery (B12 min). More importantly, we showed that cocaine interrupted CBF in some arteriolar branches for over 45 min and this effect was exacerbated with repeated cocaine administration. These results provide evidence that cocaine doses within the range administered by drug abusers induces cerebral microischemia and that these effects are exacerbated with repeated use. Thus, cocaine-induced microischemia is likely to be a contributor to its neurotoxic effects.
Introduction
Vasoactive effects of cocaine result in marked disruption in cerebral blood flow (CBF) in cocaine abusers 1 and are also likely to contribute to the reported occurrences of hemorrhagic and ischemic strokes in cocaine abusers. [2] [3] [4] [5] [6] [7] However, effective treatment remains elusive in part because of lack of knowledge regarding the nature and the mechanisms that underlie the cerebrovascular changes resulting from cocaine abuse. Studies on the vasoactive effects of cocaine (and other drugs of abuse) in animal models have been hindered by the technical limitations of current neuroimaging techniques. Conventional techniques (for example, magnetic resonance imaging, computed tomography angiography) fail to provide sufficient spatiotemporal resolutions to measure rapid CBF changes in small vessel compartments; 8 whereas multiphoton microscopy [9] [10] [11] can detect capillary CBF, its small field of view (FOV) restricts its use for assessing cerebrovascular network effects of cocaine, and it may not be suitable for repeated imaging of disease progression 12 or the dynamics to cocaine responses (for example, because of complications associated with exogenous fluorescence dye loading and clearance). Recent advances in optical coherence angiography (OCA) [12] [13] [14] [15] have markedly improved in vivo visualization of the microvascular networks, including three-dimensional (3D) microscopy of tumor microenvironments. Yet, methods to enable quantitative capillary CBF imaging remain a technical challenge in Doppler optical coherence tomography (OCT) (optical Doppler tomography (ODT)).
We developed a novel optical imaging technique that allowed us to image 3D capillary cerebrovascular networks quantitatively and at ultrahigh spatial resolution. Specifically, we combined ultrahighresolution mOCA 16, 17 to enable visualization of capillary cerebrovascular networks, and a new phase-intensity-mapping algorithm to optimize the detection sensitivity of ultrahigh-resolution Doppler flow imaging (mODT). In addition, this technique allowed separation of arterial and venous branches, and thus characterization of their differences in response to stimuli (for example, cocaine). After validating the technique by imaging the microcirculatory responses to laser disruptions in the mouse brain, we applied it to study the cerebral microvascular network changes induced by acute and repeated cocaine administration using clinically relevant doses. Our findings show for the first time that cocaine induced neurovascular-like microischemia, and that these effects were exacerbated with repeated administration (1 vs 3 doses). Inasmuch as cocaine abusers repeatedly administer cocaine in binges, this indicates that the vasoactive effects of cocaine will jeopardize oxygen delivery to cerebral tissue making it vulnerable to ischemia and neuronal death.
Materials and methods
Mice CD1 mice (Charles River, Kingston, NY, USA, 35-40 g per female mouse) were used to conduct the CBF imaging studies. All of the mouse experiments were approved by the Institutional Animal Care and Use Committee of Stony Brook University.
Surgery
Mice were anesthetized with inhalation of 2% isoflurane (in 100% O 2 ) and mounted on a custom stereotaxic frame to minimize motion artifacts. A Bf5 mm cranial window was created above the right somatosensory motor cortex. The exposed cortical surface was immediately covered with 2% agarose gel and affixed with a 100-mm-thick glass coverslip using biocompatible cyanocrylic glue. The physiological state of the mice, including electrocardiography, mean arterial blood pressure (MABP), respiration rate and body temperature, was continuously monitored (SA Instruments, Stony Brook, NY, USA).
Optical instrumentation
As illustrated in Figure 1 , we used a custom ultrahigh-resolution optical coherence tomography (mOCT) system, 17 which acquired 3D cross-sectional images of cortical brain structures characterized by their backscattering properties at near real time and over a large FOV (for example, 2 Â 2 Â 1 mm 3 ) through the cranial window, and applied post-image processing 14, 15, 18 to render mOCA and quantitative mODT images of the cerebral microvascular networks in vivo. The axial resolution of mOCA/mODT is 1.8 mm, as determined by the coherence length (L c = 2(ln 2) 1/2 / pl 2 /Dl cp ) of an 8-fs Ti:sapphire laser system used (l = 800 nm; Dl cp E154 nm, cross-spectrum); its transverse resolution is 3 mm, as determined by the focal spot size of the microscopic objective used (f 16 mm/ NA 0.25). The technical details of mOCA/mODT are provided in Supplementary Information.
Laser disruption
A pigtailed green laser (60 mW, 532 nm) was coupled into the sample arm of the mOCT system to disrupt an individual vessel on focus (spot size: Bf3 mm) whose Figure 1 A schematic of ultrahigh resolution optical coherence tomography for simultaneous three-dimensional ultrahigh resolution optical coherence angiography/optical Doppler tomography imaging of mouse cortical cerebrovascular networks in vivo. b, dispersion compensation along with D; BP, blood pressure; CCD, charge-coupled device; CM, fiberoptic collimator; D, paired wedge prisms; EKG, electrocardiography; FPC, fiber polarization controller; f, focal length; Df, spectral modification to maximize Dl cp ; G, servo mirror; L1, L2, achromatic lens group for field correction; PC, personal computer; Resp, respiratory; RSOD, grating-lens-based rapid optical delay; Temp, temperature.
coordinates (x, y, z) were accurately determined by prior 3D mOCA image. Laser exposure (2 min) was used to disrupt a capillary vessel and repeated exposures were used to disrupt a branch vessel.
Intravenous cocaine induction
A mouse tail vein was cannulated with a 30-gauge hypodermic needle connected to PE10 tubing, through which a bolus of cocaine (2.5 mg per kg body weight) was administered ( < 15 s).
Statistical analysis
Data are presented as mean±s.e.m. P-values to determine significant difference between groups were analyzed by performing a paired t-test (two tail) or a one-way analysis of variance test (SYSTAT Software, Chicago, IL, USA).
Results

Microangiography and quantitative capillary CBF imaging
Arterial and capillary vasculatures have a crucial role in maintaining the energy requirements of the functioning brain and can accommodate to increasing tissue demands by modifying the diameters and speeds of flow in the vessel. Although the contrast of both mOCA and mODT originates from the Doppler shifts induced by moving scatterers including red and white blood cells flowing in a blood vessel, they are detected under two distinct regimes (Supplementary Information). mOCA uses dynamic laser speckle contrast to offset moving parts (causing speckle variance) against the surrounding 'stationary' brain tissue, whereas mODT uses intrinsic Doppler phase shift to render CBF quantification. The upper panels in Figure 2 illustrate how the enhanced spatial resolution of mOCA ( Figure 2b ) enabled us to accurately resolve the vessel-size diversity of the capillary beds on mouse cortical brain, which would have been otherwise overestimated by conventional OCA (Figure 2a ). For instance, the red arrows show that the two capillaries measured by OCA (f15 and f13 mm) were accurately determined by mOCA (f5.4 and f3.5 mm). Figure 2c illustrates the advantage of 3D mOCA to image capillary cerebrovascular networks at high resolution and across a large FOV
). The lower panels show the efficacy of our new phase detection technique (phase-intensity mapping vs Phase Subtraction Method (PSM), see Supplementary Figure S1 ) for eliminating the phase noise induced by tissue motion, so that capillary CBF with both small vessel sizes ( < f5 mm) and slow flow speeds (p10 mm s
À1
) could be readily detected and quantified. A comparison between Figures 2c and f illustrates the capability for quantitative mODT of cerebral microvascular networks with spatial resolution (for measuring capillary vessels) fairly comparable to that of mOCA. More importantly, as both images were acquired simultaneously, it allowed us to study vasculatural (mOCA) and physiological (mODT) changes in response to functional and pharmacological interventions.
Laser-induced microvascular disruption
To validate the utility of this technique for assessing microvascular networks, we used laser disruption as a reference intervention since it allowed us to assess the downstream and compensatory responses of cerebral microvascular networks to an insult that is restricted to a single microvessel. Figure 3 shows the results of laser disruption of a small f35.8±1.2 mm arteriole (see Supplementary Figure S4 for vein and artery separation) and of a f9 mm capillary. The laser's disruption of the capillary (1) elicited only a small localized change in the mOCA image ( Figure 3b ); in contrast, the mODT image showed not only the disruption of flow in this capillary but also the CBF decrease in the surrounding microenvironment (Bf0.13 mm, inner circle), as well as a massive vasodilatation across almost the entire FOV (Bf1 mm, outer circle). Quantitative analyses in Figures 3g and h showed a significant CBF increase (P < 0.001) within the outer circle from 0.105 ± 0.049 mm s
À1
(baseline) to 0.211±0.048 mm s
(30 min after laser disruption), which corresponds to the average CBF change from 20 capillaries. This is interesting, for it documents that interruption of flow in a single capillary will have a significant effect on CBF of the surrounding cerebral microvascular networks. Similarly, for disruption of the branch arteriole (2), both mOCA and mODT detected laser-induced occlusion of the vessel, but mODT was able to track the quenching effect of local microvascular networks, that is, the capillaries with an active circulation, over a much large area (Bf0.5 mm, dashed half circle) than that detected by mOCA (Bf0.21 mm, dashed circle). The results show the value of quantitative mODT for monitoring not only local but also downstream CBF responses to a circumscribed insult to a small vessel in cerebrovascular networks, which is necessary for understanding the buffering capacity of microvascular networks to cerebrovascular pathology.
Repeated cocaine evokes cerebral microischemia
Neuroimaging studies on the hemodynamic effects of cocaine are crucial to elucidating the mechanisms underlying its neurotoxicity, including microcirculatory pathology (microhemorrhagic stroke) and hemodynamic dysfunction (microischemic stroke). The ultrahigh resolution/sensitivity and large FOV of mOCA/mODT (Figures 2 and 3) show its relevance for these studies. Figure 4 shows the results of mouse cortex before and after acute cocaine challenge (2.5 mg kg À1 intravenously) and identifies the occurrence of what appears to be a cocaine-induced microischemia along with the CBF response patterns of the adjacent cerebrovascular networks. The upper panel (Figures 4a, b) shows the shunt of an arcade (Bf23 mm) interconnecting two side branch arterioles. Cocaine abolished the flow in this vessel, which appeared as indiscernible by mODT even though it was fully detectable by mOCA (due to Brownian motion of blood in a deactivated vessel, see Supplementary Table S1, Supplementary Figure S6 ). This suggests that the cocaine-induced ischemic dysfunction probably reflected vasoconstriction of an isolated vessel rather than vessel rupture (Supplementary Figure S3 : vessel rupture resulting in hemorrhage would be evidenced by local blurring due to pronounced blood backscattering) or upstream vasoconstriction. Moreover, the fact that there was no CBF drop in the surrounding microvascular networks suggests that the interruption of flow in this arcade was compensated by the microcirculatory networks, even when the shunt was long lasting (remained for > 40 min). More importantly, this result suggests quantitative CBF imaging (mODT) is more sensitive for detecting ischemic events than angiography (mOCA).
In contrast, the lower panels (Figures 4c-j) show the progression of vasoconstrictions and local ischemia (mostly shunts of terminal vessels) after repeated acute cocaine injections (three repeated doses of 2.5 mg kg À1 per mouse intravenously), although no vasculatural impairment such as vessel rupture was observed. The dashed green, blue and yellow circles outline the deactivated branch vessels elicited by 1-3 cocaine doses, respectively (Figures 4c-i) . A comparison between panels (Figures 4c, d) shows that terminal arterioles (B77%) were more vulnerable to ischemic shunts than terminal venules (B23%). Noticeable drops of active circulation in the immediate capillary circuits and the spreading of vasoconstrictive clouds (dashed dark circles) with repeated cocaine revealed that the microcirculation was bypassed (local cerebral microvascular network was unable to compensate). Such microischemic events were focal and probably undetectable by current imaging methods, including OCA (for example, no obvious disruption was detected by mOCA in Figure  4d even after the three repeated cocaine injections). Note that the differences between the DmODT responses of different vessels (Figures 4f, h, j) are likely to reflect the heterogeneity in neurovascular responses to cocaine, for example, some areas in the bottom show increased (red) flow. This type of approach will enable to systematically evaluate the effects of acute and repeated cocaine administration on vascular architecture and CBF and help to understand the mechanisms underlying cocaine-induced Inhomogenity of spatiotemporal responses of CBF to cocaine As a prolonged time is needed for quantitative detection of capillary CBF, a full-size 3D mODT image (for example, Figures 2-4 ) might require over 8 min of scanning, which may not be adequate to observe the fast dynamic responses of the cerebrovascular networks during functional or pharmacological activation such as those that occur after an intravenous cocaine challenge. As a compromise, we reduced the image size in the y axis (anterior-posterior), so that the spatial and the temporal dynamics of cocaine-evoked CBF responses could be visualized. Figure 5 illustrates the time-lapse 3D mODT images (1 Â 0.12 Â 1 mm Figure S5 ). The transient DCBF(t) of branch vessels (1-3) involved a rapid CBF drop (2-4 min) followed by a slow recovery lasting for 10-30 min, with the arteriole (2) showing more pulsate features. In contrast, the capillary flows exhibited vigorous pulsive changes in response to cocaine challenge and more diverse patterns including transient overshooting.
Discussion
Here we show that cocaine interrupted CBF in some arteriolar branches for over 45 min and this effect was exacerbated with repeated cocaine administration. In addition, we show that cocaine produced marked decreases in CBF (for example, B70%) shortly after acute cocaine administration (2-3 min) and that the magnitude and recovery differed between vessels, showing faster recovery in arterioles (B5 min) than in venules (B12 min) and revealing marked variability and pulsatility in capillaries (recovery varied from 4-20 min). These findings provide evidence that acute cocaine elicits cerebral microischemic dysfunction that seems to get exacerbated with repeated cocaine administration. It also uncovers significant heterogeneity in the cerebrovascular responses to cocaine, highlighting the importance of separately assessing vessels of different calibers. Our findings were possible due to the enhanced capabilities of mOCA/mODT, which demonstrates its value as a novel arteriole) show a dramatic transient drop (B60-70%) within 2-3 min followed by a slow recovery, similar responses are seen in venule (3) except the dip is smaller (B40%) and lagged to 6-7 min. Noteworthily, arteriole (2) recovers faster (at B5 min) and exhibits more pulsive patterns than the two venules (for example, at B12 min for 1). In contrast, capillaries show dramatically different patterns and more vibrant or pulsive changes with cocaine. Red/blue arrows: flow directions of arterioles/venules; dots: vessel junctures. ODT, optical Doppler tomography. and more sensitive tool for investigating neurovascular toxicity by drugs or other insults.
Our cocaine findings are relevant as stroke is one of the most serious clinical complications associated with cocaine abuse. Indeed, cocaine is a main risk factor for stroke among young abusers. 19 Though it was hypothesized that cocaine-induced cerebral microischemia was involved in some of the clinical complications seen in cocaine abusers, there was no data to support this. Here we show evidence of longlasting CBF interruptions in cerebral microvessels ( > 45 min) that are exacerbated with repeated cocaine administrations. Specifically, three sequential cocaine doses induced greater changes than those induced after a single dose, which is clinically relevant as cocaine when abused is repeatedly administered in binges and rarely used as a single administration. 20 Thus, a sensitized response of cerebral microvessels to repeated cocaine administration could contribute to neurotoxic effects of cocaine. More specifically, the long-lasting interruption in flow observed in some of the vessels, if it is exacerbated with repeated cocaine use could result in microischemic dysfunction and if prolonged could lead to neuronal death and loss of function. We had previously used Doppler OCT to show decreases in CBF after acute cocaine, 18, 21, 22 but the limited resolution and sensitivity did not allow us to measure the effects of cocaine on capillary beds. In the current study, the enhanced capabilities of mOCA/mODT allowed us to document cocaine-induced microischemic events in capillaries and to show marked differences in the responses to cocaine between arterioles, venules and capillaries in the cerebrovascular networks (Figures 4 and 5 ). Of these, the capillaries showed the greatest variability and pulsatility upon intravenous cocaine administration, and the terminal arterioles (B77%) seemed more vulnerable to cocaine-elicited microischemia than terminal venules (B23%).
The mechanisms underlying cocaine vasoactive effects are likely to reflect, in part, its dopaminergic effects. Indeed there is evidence of dopamine terminals in close contact with arterioles and capillaries in cortical tissue that when stimulated results in vasoconstriction. 23 Studies on isolated cerebral arterioles have shown that application of cocaine or its metabolites induced vasoconstriction corroborating a direct effect of cocaine on blood vessels as opposed to indirect effects secondary to neuronal actions. 24 Moreover, vasoconstriction from cocaine was prevented by haloperidol, which suggests the involvement of dopamine (D2) receptors in cocaine-induced vasoconstriction. 24 There is also evidence of dopamine transporter expression (target of cocaine's effects) in cerebral blood vessels in the brain. 25 However, it is also possible that the local anesthetic effects of cocaine may contribute to its vasoactive actions. 26 Our findings also demonstrate the enhanced capabilities of our mOCA/mODT tool for simultaneously rendering angiographic (mOCA) and quantitative CBF (mODT) images of 3D cerebrovascular networks with capillary details comparable to those by multiphoton microscopy. Specifically, we incorporate ultrahighresolution OCT for improving spatial resolution (B3 mm) and phase-intensity mapping (based on Fast Fourier Transform (FFT) analysis in lateral direction 14, 15, 18 ) for optimizing phase detection sensitivity (p10 mm s
À1
, Supplementary Table S1), and show that the new mOCA/mODT platform offers several unique capabilities that are highly relevant to brain functional studies, yet lacking in current imaging modalities (for example, multiphoton microscopy, OCA). This technique, based on intrinsic Doppler effect (that is, tracker free), enables time-lapse imaging of the dynamic responses to brain functional activation ( Figure 5 ) and disease progression. 12 It extends the image depth of multiphoton microscopy (B300 mm) to 700 mm-1 mm and the vastly increased FOV (for example, 2 Â 2 Â 1 mm 3 ) is crucial for mapping cerebral microvascular network effects. Noteworthily, mODT is uniquely capable of CBF quantization in both capillaries and branch vessels (Figures 3-5) , which provides more sensitive physiological changes (for example, microischemia) in the local microvascular networks than mOCA (Figures 3 and 4) . In addition, it allowed us to separate venous and arterial vasculatures, and thus to study their respective physiological responses to various functional and pharmacological interventions (Figures 3-5) .
A limitation in our study was that the mice had to be anesthetized (as is the case for most rodent imaging studies), which raises concerns of potential interactions between cocaine and the anesthetic agent. However, we specifically chose isoflurane since in a prior study addressing the influence of anesthetic drugs on cocaine's effects we showed that the findings from the isoflurane-anesthetized rodents agreed with those reported in human subjects 27 and more recently with those reported in awake macaques. 28 Moreover, isoflurane did not uncouple effects of cocaine on CBF from those in oxygen metabolism, which suggests that at the doses used to anesthetize the mice, isoflurane did not disrupt the autoregulation of CBF. Also to control for potential confounds secondary to cocaine-induced peripheral vascular effects, 28 we monitored the MABP throughout the experiments. Although MABP decreased in response to cocaine (Supplementary Figure S10) , this effect was modest (MABP > 70 mm Hg) and short lasting ( < 5 min), suggesting that neither the immediate ( Figure 5 ) nor the long-lasting (Figures 4f, h, i ) decreases in CBF following cocaine administration was due to the peripheral effects of cocaine. In addition, the measured apparent CBF comprises artifacts (for example, underestimation) due to Doppler angle effect, especially, when the angle y-901. The error can be accurately corrected; however, angle correction of the entire CBF network is challenging because of high correction errors for flows with y-901 and limited sensitivity for capillary beds (see Supplementary Figures S8, S9 and Table S2 for details). It should also be noted that because of limited temporal resolution of 3D mODT (for example, 1 min), the imaged CBF change in response to cocaine (for example, Figure 5 ) was confounded with the inherent CBF fluctuation over time (for example, basal DCBF(t: t < 0) variations in Figure 5 ). Although this change in larger vessel (for example, > f50 mm) was negligible (B8%) compared with the changes induced by cocaine (for example, 50%), the influence was more obvious in smaller vessels and capillaries (see Supplementary Figure S7 ).
In summary, we provide evidence that cocaine induced cerebral microischemic changes that in some vessels were long lasting ( > 45 min) and were exacerbated with repeated administration. This could underlie some of the neurological deficits reported in cocaine abusers ranging from mild and transient facial paralysis to severe and irreversible tetraplegia. 29 We also show evidence of the enhanced capabilities of mOCA/mODT for studying the dynamic responses of cerebral microvessels to drugs and other insults.
